We present the first nucleobase analog fluorescence resonance energy transfer (FRET)-pair. The pair consists of tC O , 1,3-diaza-2-oxophenoxazine, as an energy donor and the newly developed tC nitro , 7-nitro-1,3-diaza-2-oxophenothiazine, as an energy acceptor. The FRET-pair successfully monitors distances covering up to more than one turn of the DNA duplex. Importantly, we show that the rigid stacking of the two base analogs, and consequently excellent control of their exact positions and orientations, results in a high control of the orientation factor and hence very distinct FRET changes as the number of bases separating tC O and tC nitro is varied. A set of DNA strands containing the FRET-pair at wisely chosen locations will, thus, make it possible to accurately distinguish distance-from orientation-changes using FRET. In combination with the good nucleobase analog properties this points towards detailed studies of the inherent dynamics of nucleic acid structures. Moreover, the placement of FRET-pair chromophores inside the base stack will be a great advantage in studies where other (biomacro)molecules interact with the nucleic acid. Lastly, our study gives possibly the first truly solid experimental support to the dependence of energy transfer efficiency on orientation of involved transition dipoles as predicted by the Förster theory.
Introduction
In the search for improved methods for more accurate and detailed investigations on the structure and dynamics of nucleic acids as well as their interactions with other (biomacro)molecules we present the first base analog fluorescence resonance energy transfer (FRET)-pair. FRET is a technique frequently utilized to detect structural changes in biomacromolecular systems. [1] [2] [3] [4] [5] The strong dependence of the transfer efficiency (E; see eq 1) between an excited donor (D) and a ground state acceptor (A) on distance (R DA -6 ), makes FRET the obvious choice for monitoring conformational changes and interactions between molecules. The efficiency of energy transfer is also governed by the Förster critical distance, R 0 , (eq 2; at which the E is 0.5) which in turn depends on the quantum yield of the donor ( D ), the donor/acceptor spectral overlap integral (J DA ), the refractive index of the medium (n), and importantly the geometric factor ().
1,2,6
E = R 0 6 /(R 0 6 +R DA 6 )
R 0 = 0.211(J DA  2 n -4  D ) 1/6 in Å (2) The geometric factor takes the direction of the donor and acceptor transition dipoles into consideration and is described by eq 3:
 = e 1 e 2 -3(e 1 e 12 )(e 12 e 2 )
where e 1 and e 2 are the unit vectors of the donor and acceptor transition dipoles and e 12 the unit vector between their centers. The value of  2 can range from 0 to 4. Thus, to be able to extract detailed structural information from the measured FRET efficiency an accurate estimate of  2 is required. Such estimates of  2 are rarely available due to the lack of knowledge of orientation of the donor or acceptor molecules themselves and/or their interacting transition dipole moments. 7 The most frequently used (both correctly and incorrectly)  2 is 2/3, which corresponds to freely rotating donor and acceptor transition dipoles.
When monitoring conformational changes or interaction processes in nucleic acid containing systems using FRET, the most common method is to covalently attach donor and acceptor molecules via flexible linkers to two different positions and to assume that  2 is 2/3. However, many donor/acceptor chromophores interact with the nucleic acid structure [7] [8] [9] and, thus, the use of a  2 of 2/3 is an inaccurate assumption that may result in considerable errors in structural interpretations. Better control of the  2 in nucleic acid systems was presented in the excellent study by Lewis et al. in which a donor was rigidly attached to one end of the DNA helix resulting in a very good orientation control. 10 However, the acceptor on the opposite end was attached only to one of the strands and had considerable motional freedom. Other recent excellent studies trying to achieve better control of the FRET orientation factor in nucleic acid systems are those by Iqbal et al. 11 and Hurley et al. 12 .
In an attempt to achieve the highest possible control of donor/acceptor orientation we here present a novel FRET-pair composed of two cytosine analogs, tC O (1,3-diaza-2-oxophenoxazine) and the newly synthesized tC nitro (7-nitro-1,3-diaza- 
Results and Discussion
In the design of a nucleic acid base analog FRET-pair, our goal was to utilize tC or tC O ( Figure 1 ).
We have previously established that both analogs have a high and stable quantum yield in dsDNA as well as being rigidly stacked within the duplex and, thus, are excellent donor candidates. 13, [14] [15] [16] With the objective of red-shifting the absorption of tC/tC O and maintaining their nucleobase properties we synthesized tC nitro ( Figure 1 ) as a FRET acceptor.
Before investigating tC nitro as a spectroscopic tool its properties as a cytosine analogue needed to be established. In Table 1 a DNA melting temperature study for duplexes composed of tC nitro -containing strands and the corresponding unmodified complements with G, A, C, and T, respectively, opposite tC nitro /C is presented. The duplexes where tC nitro is paired with G have melting temperatures that are 13-19ºC higher than when it pairs with A, C, or T on the opposite strand. The corresponding differences for unmodified cytosine are 18-25ºC. Although the differences are slightly lower for the tC nitro /G base-pair than for the normal C/G base-pair, this result shows that tC nitro is highly selective for base-pairing with guanine. In addition, tC nitro increases the melting temperature compared to C by 2ºC in the fully complementary "GC" case. This slight increase in duplex stability is in good agreement with our previous studies on tC and tC O . 13, 15 To further establish the suitability of tC nitro as a cytosine analogue when positioned inside the DNA double helix we performed circular dichroism (CD) measurements on the duplexes in Table 1 (see Figure 2 ). Comparing the modified duplexes (solid lines) to the corresponding unmodified ones (dashed lines) the same overall spectral envelope is found. The general appearance of the CD spectra is that of normal B-form DNA, which is characterized by a positive band centered at 275 nm, a negative band at 250-240 nm, a band that can be either positive or negative at 220 nm, and just below that a narrow negative peak followed by a large positive peak at 190-180 nm. 17 The slight differences that can be seen between the CD of the unmodified and corresponding modified duplex most certainly come as an effect of the differences between the absorption of tC nitro compared to cytosine. In conclusion, the CD experiment together with the duplex melting temperature study, as well as the fact that the structurally very similar tC and tC O have been shown using CD 13, 15 and NMR 15 not to alter the natural form of DNA, indicate that exchanging a cytosine for a tC nitro does not perturb the structure of the normal B-form DNA. Table 2 . Name Sequence To study the change in the tC O -tC nitro FRET efficiency for the 12 different separations, both steadystate and time-resolved fluorescence measurements were performed (Table 3 ). In both cases the results ( Figure 3) show an efficiency that is highly dependent on both distance and orientation as the separation and, thus, the direction of the transition dipoles of the base analogs are altered in a stepwise fashion.
The data suggest that we have successfully designed an excellent nucleic acid base analog FRET-pair.
In the time-resolved measurements tC O exhibits single exponential fluorescence decay for most sequences. However, the most quenched sequences need two exponential components in order to explain the fluorescence decay. There might be several reasons for the non-exponential decay such as:
(1) difficulties in measuring highly quenched fluorophores on this short timescale where small amounts of unquenched fluorophores or scattered light might disturb the experiment or (2) distribution of donoracceptor distances and orientations leading to a distribution of energy transfer efficiencies. 
Conclusions
In conclusion we have designed the first nucleic acid base analog FRET-pair. As a consequence of both the analogs being rigidly located within the base stack, this system enables very high control of the orientation factor. A set of strands containing our FRET-pair at strategically chosen positions, i.e. where the slopes are steep in Figure 3 , will, thus, make it possible to accurately distinguish distance-from orientation-changes using FRET. In combination with the favorable base pairing properties this will facilitate detailed studies of the inherent dynamics of nucleic acid structures. Moreover, the placement of FRET-pair chromophores inside the base stack will be a great advantage in studies where other (biomacro)molecules interact with the nucleic acid. Lastly, our study gives possibly the first truly solid experimental support to the dependence of E on orientation of involved transition dipoles as predicted by the Förster theory. 3: Degassed NaOH (aq) (0.25 M, 95 ml) was added to a mixture of 5-nitro-2-amino-thiophenol (5.55 g, 32.6 mmol) and 5-bromouracil (6.46 g, 33.8 mmol) under argon and was allowed to reflux for 24 h.
Experimental

Synthesis of nucleoside building blocks tC
The crude product was allowed to cool and was subsequently filtered off. No more purification was done.
4:
To the crude product 3 was added EtOH (940 ml) and concentrated HCl (37%, 64 ml). The reaction mixture was refluxed for 24 h where after it was allowed to cool down and subsequently filtered off.
The filter cake was slurred up in NH 4 (aq) (8%, 50 ml) at 60°C for 10 minutes, cooled down and filtered off. This was repeated once. 
7:
Freshly distilled pyridine (5 ml) was added to 6 (222 mg, 0.587 mmol), DMAP (4 mg, 0.03 mmol)
and DMT-Cl (240 mg, 0.71 mmol) under argon. The reaction mixture was left overnight where after it was quenched with a small amount of NaHCO 3 (aq, 5%) and the solvent was evaporated in vacuo. The crude product was dissolved in DCM and washed once with 5% NaHCO 3 (aq) and twice with H 2 O.
Chromatography (SiO 2 , 1. 
Photophysical measurements
All measurements were made at 22°C in a phosphate buffer at pH 7.5 in total sodium-and phosphate ion concentrations of 100 mM and 25 mM, respectively. Double stranded concentrations were 2 µM or 9 µM (the higher concentration used for time resolved measurements of highly quenched sequences).
An excess of the acceptor strand were used in all experiments (to ensure complete hybridization). (PicoQuant GmbH). The sample response was monitored through a monochromator at 460±16 nm.
UV absorption DNA melting studies were performed on 10-mer oligonucleotides (for sequences see Table 1 or Supporting Information) at a concentration of approximately 4 µM using a Varian Cary 4000 spectrophotometer equipped with a programmable multi-cell temperature block. The samples were heated from 10C to 80C at a maximum rate of 0.2C min -1 whereupon they were cooled to 10C at the same rate. The absorption at 260 nm was measured with a temperature interval of 0.5C. Melting temperatures were determined using the maximum of the derivatives.
Circular Dichroism spectra were recorded on 10-mer oligonucleotides (for sequences see Table 1 or Supporting Information) at a concentration of approximately 3.5 µM using a Jasco J-810 spectropolarimeter at 20ºC. Spectra were recorded between 200 and 500 nm.
Theoretical evaluation
The energy transfer efficiency for the steady state case as well as for the time resolved case was determined using eq 4:
where E is the energy transfer efficiency, F and F 0 are the integrated emission intensities of the donor in presence and absence of acceptor, respectively, and τ and τ 0 are the donor lifetimes in presence and absence of acceptor, respectively. The expected energy transfer efficiencies were calculated using eq 1 and the Förster distances, R 0 , were calculated using eq 2 with the refractive index (n) and donor quantum yield ( D ) set to 1.4 and 0.23, respectively.
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The spectral overlap integral (J DA ) was determined using eq 5:
where F D is the normalized donor emission and ε A is the acceptor absorption. The orientation factor, κ, was calculated using eq 6: where n DA is the number of base pairs in between the donor and acceptor, a is the distance between the centre of the DNA helix to the centre of the chromophore (4 Å), R DA is the donor acceptor distance, α is a fitted phase angle, and β is the helical rise angle (34.3° /base pair). The donor acceptor distance (in Å) is calculated using eq 7: where b is the helical rise (3.4 Å /base pair). An in-house made MATLAB program was used to fit the data from the lifetime measurements with respect to the phase angle and the overlap integral. The phase angle is defined as the angle between the transition dipole moments of the donor on one strand and the acceptor on the other, looking along the DNA helix long-axis and when there are no bases separating the donor and the acceptor (i.e. the acceptor is the neighboring base of the guanine that base-pairs with the donor). Considering how the donor and acceptor are oriented in the helix, the phase angle can be translated to an angle describing the difference in the orientation of the transition dipole moments of the donor and acceptor within their three-ring systems.
